Rationale: Disruption of normal pulmonary development is a leading cause of morbidity and mortality in infants. Congenital lung malformations are a unique model to study the molecular pathogenesis of isolated structural birth defects, as they are often surgically resected.
Congenital lung lesions are a developmental abnormality of the lung leading to a focal mass of malformed lung tissue. Lesions typically occur sporadically, do not recur in families, and are uncommonly associated with other structural birth defects in modern cohorts (1-3). The incidence of congenital lung malformations is estimated at 1 in 11,000-35,000 live births, comparable to other major malformations such as congenital diaphragmatic hernia (4) (5) (6) . In the United States, surgical removal of the affected lung lobe in symptomatic and asymptomatic infants is standard clinical practice, due to risk of recurrent pneumonia and theoretical concern for malignant transformation (7, 8) . Routine access to affected and "unaffected" lung tissue from each patient makes congenital lung lesions a unique and tractable model to study the pathogenesis of isolated structural birth defects.
The etiology and molecular pathogenesis of congenital lung lesions remain unknown (9) (10) (11) . Congenital lung malformations include bronchogenic cysts, congenital pulmonary airway malformations (CPAMs), intralobar sequestrations, extralobar sequestrations, and congenital lobar emphysema.
Although originally described as distinct entities, considerable overlap exists in how these lesions are defined. The Stocker classification for congenital lung lesions is based on histology and the presumed site of origin during lung development, with type 0 speculatively originating from the tracheobronchial tree, through type 4, the latter thought to arise from distal alveolar regions (2, 3) . Clinically, lesions are commonly grouped by cyst size (microcystic vs. macrocystic) and origin of vascular supply (i.e., presence of an anomalous systemic arterial vessel, and pulmonary vs. systemic venous drainage) (12) .
Despite many anatomical and histologic classifications of congenital lung malformations, detailed molecular characterization is lacking. Previous reports have demonstrated that increased expression of FGF7 (fibroblast growth factor 7) or FGF10 in rodent models produces lung malformations resembling CPAMs (13) (14) (15) (16) . Although clinical studies have failed to show alterations in FGF10 expression levels in human CPAMs, laser microdissection of CPAM epithelium demonstrated increased expression of FGF9 (17, 18) . Other studies have suggested that altered expression of vascular endothelial growth factor receptor 2 or a 2 -, a 3 -, and b 1 -integrins or E-cadherin may also contribute to the pathogenesis of CPAMs (19, 20) . Somatic mutations in KRAS at codon 12 (G12D) have also been identified in CPAMs (21) .
In the present study, we employ a combination of transcriptome analysis, histologic assessment of affected tissues, and disease modeling using a three-dimensional organoid culture system to explore the molecular pathogenesis of congenital lung malformations. Our data implicate a primary epithelial cell-autonomous defect that disrupts normal branching morphogenesis. Dysregulated Ras signaling or PI3K-AKT-mTOR (phosphatidylinositol 3-kinase-AKT-mammalian target of rapamycin) signaling is observed and may play a role in the pathogenesis of this disorder. These data provide important insights into the pathogenesis of congenital lung lesions, and demonstrate that CPAMs provide a unique model system to study the etiology of structural birth defects and other pediatric lung disorders.
Methods
Study Design, Subjects, and Lesion Type Definitions Fifty-eight subjects presenting for surgical resection of a congenital lung lesion between birth and 1 year of age at the Children's Hospital of Philadelphia were enrolled from May 15, 2013, to August 5, 2016 , in the institutional review board-approved registry-biorepository, "Clinical and Molecular Characterization of Isolated and Syndromic Anomalies of the Foregut" (Children's Hospital of Philadelphia IRB 12-009788). We assigned each lesion a clinical classification based on prenatal and postnatal imaging, the surgeon's findings at the time of resection, and pathologic findings using the definitions listed in Table E1 in the online supplement. Microcystic and macrocystic CPAMs, intralobar bronchopulmonary sequestration (BPS) lesions, and hybrid lesions were all included. Congenital lobar emphysema, bronchogenic cysts, and cystic lung lesions suspected to be of an acquired etiology (e.g., bronchopulmonary dysplasia, infection) were excluded. Because atretic bronchial segments have been observed in most lesion types when carefully microdissected, we chose to exclude "bronchial atresia" as a distinct diagnostic category for this study (22, 23) . A comprehensive set of prenatal and postnatal data was collected for each subject. Tissue samples from the lung lesion, and when available adjacent unaffected tissue from the resected lung lobe, were obtained directly from the operating room. Each sample was cut into three pieces-one piece was placed into 10% formalin for histology, another in cell lysis solution (5 Prime) for DNA isolation, and the third piece in RNAlater (Thermo Fisher Scientific) for RNA isolation. See the online supplement for a complete description of sample biobanking methods.
Histology, Immunofluorescence, and Gene Expression Studies
Paraffin embedding of tissues, standard staining (hematoxylin and eosin [H&E] , Alcian blue, Weigert's elastin stain), and immunofluorescence microscopy were performed as described previously (24) . For gene expression studies, biotinylated cRNA probe libraries were generated from total lung RNA samples and used with Affymetrix human gene 2.0 ST arrays.
At a Glance Commentary
Scientific Knowledge on the Subject: Congenital lung malformations are isolated structural birth defects characterized by focal disruption of normal lung development. These lesions are thought to originate from the airway tree as a result of a disruption in branching morphogenesis, but their etiology and pathogenesis remain unknown.
What This Study Adds to the
Field: This study integrates clinical, histological, and transcriptome-wide gene expression data, as well as threedimensional organoid modeling, from a prospective cohort of 58 infants with congenital lung malformations. These data demonstrate that congenital lung lesions consist of differentiated airway structures that are transcriptionally characterized by increased expression of airway epithelial markers and demonstrate dysregulated expression of genes related to the Ras and PI3K-AKT-mTOR (phosphatidylinositol 3-kinase-AKT-mammalian target of rapamycin) signaling pathways. Ex vivo disease modeling using threedimensional organoids demonstrates that there is a cell-autonomous defect in growth and differentiation of the lung epithelium. This study provides the first transcriptome-wide characterization of the gene expression changes that occur in congenital lung lesions. The data support an epithelial intrinsic role in the pathogenesis of congenital lung lesions and provide insight into the molecular pathways underlying this poorly understood group of disorders.
ORIGINAL ARTICLE
Microarray data were analyzed with the Oligo package available at the Bioconductor website (http://www.bioconductor.org). See the online supplement for a complete description of methods and antibodies used. The Gene Expression Omnibus accession number for the microarray data is GSE100442.
Three-Dimensional Organoid Cell Culture Modeling
Lung organoids were generated as described previously, using lung epithelium isolated from the CPAM lesion itself or adjacent healthy lung tissue by flow cytometry (25) . See the online supplement for a complete description of methods and antibodies used. Table 1 ). Our finding of an increased incidence of microcystic CPAMs stands in contrast to historical studies documenting a higher prevalence of macrocystic lesions. Patients in those studies were largely identified on the basis of symptomatic presentation or at autopsy. However, our findings are consistent with more recent cohorts in which small, asymptomatic lesions are discovered in the era of routine prenatal diagnosis (26, 27) , and suggest that microcystic lesions are the most common lesion type but are frequently asymptomatic, whereas macrocystic lesions are found more commonly in symptomatic infants.
Results

Macrocystic
Analysis of the Congenital Lung Lesion Transcriptome
To systematically characterize the gene expression changes occurring within congenital lung malformations, Affymetrix human gene 2.0 ST arrays were performed Resection age is reported in days: median (range).
x Patients with a medical indication other than a lung lesion were excluded from this row (microcystic: 2 with prematurity/RDS; 1 with van den Ende-Gupta syndrome; macrocystic: 1 with prematurity/RDS).
on 28 paired samples obtained from 14 patients (6 microcystic, 5 hybrid, 1 BPS, and 2 macrocystic lesions). Principal component analysis demonstrated that microcystic and hybrid/BPS lesions clustered together, separating from the paired unaffected lung along both the first and second principal components. Although analysis of the macrocystic CPAM transcriptome was limited by sample size, these lesions appear to cluster separately from both the healthy lung as well as the microcystic and hybrid/BPS lesions ( Figure 1A ). On the basis of these findings, microcystic and hybrid/BPS lesions were analyzed together, and were compared with paired unaffected lung tissue (Figures 1B-1F and Tables  E3-E12 ). This comparison revealed 351 unique differentially expressed genes (false discovery rate, ,5%) (Table E3) . Consistent with the well-established observation that congenital lung lesion cysts are lined by bronchial or bronchiolar epithelium (2, 3, 11), upregulated transcripts were highly enriched for genes known to be expressed in the normal airway epithelium including genes specific for ciliated epithelium ( Figure 1E and Tables E6-E8) . Gene set enrichment analysis (GSEA) revealed significant enrichment for genes within the Ras, PI3K-AKT-mTOR, and mTOR complex signaling pathways, and transcriptional targets of Myc among the downregulated transcripts. Upregulated transcripts were enriched for genes involved in "chromatin , and 2 macrocystic lesions) demonstrates that microcystic and hybrid/BPS lesions cluster together, separate from macrocystic lesions, and from paired unaffected lung. Comparison of microcystic/hybrid/BPS lesions with paired healthy lung was used for subsequent analyses. (B) Three hundred and fifty-one genes were differentially expressed (false discovery rate, ,5%) between microcystic and hybrid lesions compared with paired control lung. (C) Unbiased hierarchal clustering based on the top 100 differentially expressed genes demonstrated clear separation of the microcystic congenital pulmonary airway malformation and hybrid/BPS lesion samples from paired normal tissue. Scale to right of heat map illustrates z-score color range. (D) Gene-set enrichment analysis of differentially expressed genes between microcystic/hybrid/BPS lesions and paired unaffected lung. (E and F) Gene ontology analysis of differentially expressed genes demonstrates increased expression of genes related to airway epithelium and chromatin/histone modifications, and dysregulated expression of genes related to KRAS and PI3K-AKT-mTOR (phosphatidylinositol 3-kinase-AKT-mammalian target of rapamycin) signaling, and Myc transcriptional targets. EMT = epithelial-mesenchymal transition; ETC = electron transport chain; MHC = major histocompatibility complex; mTORC1 = mTOR complex 1; ROS = reactive oxygen species.
ORIGINAL ARTICLE modification," "histone methylation," and "chromatin organization," and predicted upstream pathway analysis identified enrichment for targets of the histone methyltransferase KMT2A, and the polycomb proteins ASXL1 and ASXL2 (Figures 1D-1F and Tables E4-E12 ).
Disrupted Airway Morphology Is a Hallmark of All Congenital Lung Lesions
Standard H&E staining of histological sections collected for research, as well as larger clinical block samples, was reviewed by a pediatric pathologist (J.P.) for all patients enrolled. Immunohistochemical staining was also performed. Cystic structures within congenital lung lesions of all types resemble well-differentiated airway structures, with a ciliated epithelial lining surrounded by smooth muscle (Figures 2  and 3 ). Epithelial cells lining the lesion express the airway epithelial markers SOX2 and KRT8 (Figure 2 ). Notable variation in epithelial morphology both within and between lesions and across lesion types was observed, ranging from simple cuboidal to complex pseudostratified epithelia (Figures 2A-2T and E1) . Regions of pseudostratified, tall columnar, and simple cuboidal epithelium were observed in lesions clinically classified as macrocystic, microcystic, or hybrid lesions ( Figure E1 projections, and goblet cell metaplasia ( Figures 2F-2J, 3C , 3G, 3K, and E2). Goblet cell metaplasia was observed in six of nine macrocystic lesions (67%), ranging from a small cluster of cells to extensive areas of goblet cell hyperplasia resembling mucinous adenocarcinoma in situ ( Figures  E2A-E2E) . Only a subset of these macrocystic lesions contained goblet cells where KRAS G12D mutations could be identified, consistent with previous reports (Figures E2A-E2E) (21) . Of note, only two lesions clinically classified as microcystic based on cyst size (2 of 25; 8%) had areas of goblet cell metaplasia. However, these lesions had other histopathologic features more commonly associated with macrocystic lesions (papillary projections and abrupt transitions). These two lesions illustrate that dominant cyst size measured by radiologic studies may not always correlate with histopathologic descriptions of "microcystic" and "macrocystic" CPAMs.
Immunohistochemistry for the airway secretory cell marker SCGB3A2 and ciliated epithelial cell marker TUBB4A demonstrated that the epithelial lining of CPAM cysts consisted of differentiated airway epithelium ( Figures 3A-3D and 3E-3H). Basal cells, indicated by the markers TP63 and KRT5, were frequently found within the cysts and varied in frequency within and between lesions from completely absent to forming a nearly confluent layer ( Figures 3I-L and E1) . The Comparison testing was performed with the software package limma, based on a false discovery rate less than 5% accounting for multiple comparisons. Comparisons were significant using these criteria, except where noted. CPAM = congenital pulmonary airway malformation; KRT5 = keratin, type II cytoskeletal 5; NS = not significant; RMA = robust multiarray average; SCGB3A2 = secretoglobin 3A2; TP63 = tumor protein 63; TUBB4A = tubulin, b 4 A class. N = 12 patients. Scale bars, 50 mm. distal lung tissue in between these cystic lesions frequently appeared immature, with relatively large and simplified alveoli, decreased numbers of secondary crests, and thickened interstitial spaces. However, these cells expressed distal epithelial markers such as SOX9, SFTPC (type II cell marker), and HOPX (type I cell marker) in the expected patterns, and both protein and gene expression analyses did not reveal significant differences in the ratios of distal alveolar cell types ( Figure E3 ) (28) . Taken together, these data support the concept that congenital lung lesions of all types contain tissue in which there is expansion of differentiated airway structures, with impaired development and physical compression of the intervening distal lung.
Abnormal Arterial Vascular Development in a Subset of Congenital Lung Lesions
Both BPS and hybrid lesions, in part defined by the presence of an aberrant arterial blood supply from the systemic circulation, contain hypertrophied and tortuous arterial vessels throughout the lesions (BPS, 2 of 2, 100%; hybrid, 15 of 22, 68%) (Figure 4) . However, these vascular abnormalities were not limited to hybrid lesions, and were also seen in two of nine (22%) macrocystic CPAM lesions noted to have a pulmonary arterial blood supply with no identifiable systemic feeding vessel either by presurgical radiologic studies (prenatal ultrasound and/or CT angiography of the chest) or dissection at the time of surgical resection ( Figure 4M ). Similar changes were not noted in any of the 25 microcystic CPAM lesions ( Figure 4M ). Abnormal vessels contained normal-appearing arterial endothelium, variable degrees of vascular smooth muscle investment (TAGLN 1 cells), and a marked expansion of the vascular adventitial layer consisting of a sparse population of VIM 1 mesenchymal cells invested in a thick layer of extracellular matrix ( Figures 4C, 4D, 4G , 4H, 4K, and 4L). These data suggest that expansion of airway structures is associated with abnormal proximal arterial vascular development and/or remodeling.
Three-Dimensional Organoid Modeling Demonstrates a CellAutonomous Defect in the Epithelium of Congenital Lung Lesions
To further test the hypothesis that congenital lung lesions result from an as yet undefined cell-autonomous defect in the lung epithelium during development, epithelial cell adhesion molecule (EpCAM; CD326) 1 
/CD31
-/CD45 -epithelial cells were isolated from CPAM tissue and unaffected adjacent lung by flow cytometric sorting (n = 3 patients), and cultured in a three-dimensional organoid model system with an established human lung fibroblast cell line (MRC5) ( Figure 5A ). After 14 days in culture, the CPAM epithelium consistently formed larger organoids, as revealed by measurement of cross-sectional area (Figures 5B-5D ). These large organoids demonstrated a complex stratified epithelium and nearly occlusive lumen, surrounded by at least two or three layers of TP63
1
/KRT5
1 basal cells, in contrast to the thin single-cell-thick organoids that resemble previously reported tracheospheres in the unaffected epithelial cultures (Figures 5E-5N ) (29) . Staining for differentiated airway markers, such as SCGB1A1 or TUBB4A, was not observed in either set of cultures. Taken together, these data suggest that CPAM lesions exhibit an epithelial intrinsic defect leading to a disordered growth phenotype consisting of proximal airway structures.
Discussion
Congenital lung lesions have been recognized clinically for more than a century, but the etiology and pathogenesis of this group of disorders have remained unclear (9, 11, 30) . A complex array of classification systems and terminologies has evolved to describe congenital lung malformations, yet whether microcystic and macrocystic CPAMs, sequestrations, or hybrid lesions are related to one another at cellular and molecular levels is unknown. Our data suggest that in contrast to the existing literature, microcystic CPAMs are the most common type of congenital lung lesion but are frequently asymptomatic. In contrast, macrocystic CPAMs, although less common, are more likely to be associated with respiratory failure requiring mechanical ventilation and need for surgical resection during the neonatal period. Although it is possible that the lesion type distribution in this study may be impacted by referral bias, our observation that microcystic CPAM lesions is the most common type in the era of prenatal diagnosis is consistent with a larger retrospective review conducted at our own center, as well as other reported patient cohorts (27, 31) . We also have observed a relatively low incidence of associated congenital anomalies, compared with older studies. Importantly, before routine use of prenatal ultrasound, lesions were identified only in infants with respiratory distress or infants who died and autopsy was performed, biasing these historical cohorts toward larger, macrocystic lesions or lesions co-occurring with other lifethreatening congenital anomalies.
In all lesion types examined, the histology and gene expression data in the current study are consistent with previous observations that congenital lung lesions are dominated by relatively mature airway structures of varying morphology (2, 3). We also observed substantial heterogeneity in histologic findings both within and across lesion types, and even within individual lesions. In the human lung, basal cells and airway smooth muscle extend far down the airway tree, making a precise comparison of congenital lung lesion epithelium to an equivalent position along the proximal-distal axis of the airway tree difficult. However, our data reveal regions of epithelium varying in morphology from simple cuboidal to pseudostratified in all lesion types. Moreover, although abnormal vascular development was nearly a universal feature in BPS lesions, significant proximal arterial vascular abnormalities, including vessel tortuosity, variable expansion of the vascular smooth muscle sheath, and occasionally significant expansion of the surrounding tunica adventitia, were noted even in a subset of macrocystic lesions with no identifiable systemic feeding vessel. Because the airways and arterial vascular supply of the normal lung (both the pulmonary arterial supply, as well as the normal bronchial arteries originating from the systemic circulation) are in close apposition and coordinately develop throughout lung branching morphogenesis, it is plausible that altered signaling from abnormal airway epithelium could lead to disordered arterial vascular growth, or even "recruit" an aberrant feeding vessel from the adjacent systemic circulation.
Despite the heterogeneity in histologic findings both within and across lesion types, and even within individual lesions, macrocystic CPAM lesions frequently showed distinct histopathologic characteristics including frequent abrupt transitions in the larger cysts between relatively thick walls and alveolar-like sacs, minute papillary projections, and goblet cell metaplasia. Moreover, transcriptome data from all three lesion types suggest that whereas microcystic CPAM and hybrid lesions are related, macrocystic CPAM lesions may be transcriptionally distinct.
Together, these data raise the question of whether these congenital lung lesions are in fact etiologically distinct or represent a spectrum of severity of the same disorder. We propose three general, but not mutually exclusive developmental etiologies for varying congenital lung malformations: 1) each distinct category of lesion (macro, micro, hybrid, etc.) is etiologically distinct, with each lesion type originating from a distinct pathogenetic mechanism; 2) the various categories of lesions originate from a related primary mechanism, but either the timing or anatomic location (e.g., proximal-distal location along the airway tree) imposes distinct characteristics on each lesion, similar to Stocker's proposal (2, 3) ; or 3) lesions originate from related mechanisms occurring at similar times and locations during development, but quantitative differences in the molecular phenotype lead to a distinct morphologic category, for example, a modest reduction in PI3K-AKT-mTOR or Ras signaling leads to a small, asymptomatic microcystic CPAM lesion, whereas a larger reduction in the same signaling pathways leads to a large symptomatic macrocystic CPAM lesion with elements of goblet cell metaplasia.
The gene expression data set generated by this study provides the first comprehensive analysis of the transcriptional changes occurring within various types of congenital lung lesions. GSEA data highlight several molecular pathways that may play a role in the pathogenesis of this disorder, and provide targeted directions for future study. Downregulated transcripts were enriched in genes known to be positively regulated by KRAS signaling, and conversely upregulated transcripts were enriched for genes known to be negatively regulated by KRAS signaling, indicating a potential reduction of KRAS signaling in CPAM lesions. These observations are supported by mouse models where either activation or suppression of normal Ras/MAPK (mitogen-activated protein kinase) signaling can result in severe disruption of branching morphogenesis, in part through effects mediated by Sprouty-2 (32, 33) . It also raises the possibility that activating KRAS G12D mutations, occasionally seen in a small number of cells in a subset of CPAM lesions, may occur because of ongoing cellular stress. Of note, this is the same oncogenic mutation seen in CPAMassociated and sporadic mucinous adenocarcinomas of the lung (34) (35) (36) (37) . GSEA demonstrated significant enrichment for members of the PI3K-AKT-mTOR signaling pathway among downregulated transcripts. PI3K-AKT signaling has been shown to regulate branching morphogenesis in mammary epithelium, also downstream of Sprouty-2, although this has not been studied in the murine lung in vivo (38) . Somatic mutations in members of the PI3K-AKT-mTOR signaling pathway have been implicated in the pathogenesis of a wide array of structural birth defects, ranging from overgrowth syndromes to focal cortical dysplasia and vascular defects (39) (40) (41) . However, only gain-of-function mutations have been reported to date. Finally, significant enrichment was observed for known Myc targets among the downregulated transcripts. N-myc has been shown in mice to play an essential role in proliferation and differentiation of the distal Sox9 1 lung epithelial progenitor population, and overexpression of N-myc leads to an expansion of the distal lung epithelial compartment (42) .
The ex vivo culture of epithelial cells isolated from CPAM lesions and paired adjacent "unaffected" lung provides support for a cell-autonomous defect in the epithelium of these lesions, which leads to disordered growth of proximal airway epithelial structures. This phenotype is present even after isolation from the diseased mesenchyme and when removed from complex mechanical and structural forces present in vivo that may impact the growth and differentiation of lung tissue (e.g., airway obstruction, mechanical compression). Together, these data suggest that a genetic or epigenetic defect in the lung epithelium plays a central role in the pathogenesis of at least a subset of congenital lung lesions.
We propose a model in which changes in the lung epithelium during branching morphogenesis lead to expansion of a disordered, irregular, and ectatic airway tree of varying severity, and that growth of this dysregulated airway epithelium disrupts the patterning of the closely associated arterial vasculature, occasionally leading to the recruitment of an aberrant systemic feeding Figure 6 . Proposed model diagram. We propose that a defect occurs during branching morphogenesis of the lung, such as a somatic mutation or alteration in chromatin state, that results in dysregulation of a key developmental signaling pathway such as Ras/MAPK or PI3K-AKT-mTOR signaling. This impaired epithelial population expands as development proceeds and remains "proximalized," forming an abnormal collection of cystic airway structures seen in the mature congenital lung lesion. Disrupted epithelial-mesenchymal interactions arising from these epithelial cells occasionally result in abnormal vascular development or may even "recruit" a systemic feeding vessel. CPAM = congenital pulmonary airway malformation; MAPK = mitogen-activated protein kinase; PI3K-AKT-mTOR = phosphatidylinositol 3-kinase-AKT-mammalian target of rapamycin.
vessel. In between these cystic airway structures, the distal lung tissue appears immature, with relatively large and simplified alveoli, and thickened interstitial spaces. It remains unclear whether these changes in the distal lung structures are simply the result of mechanical compression by the cystic regions leading to impaired alveolar development, or whether the same molecular insult resulting in expansion of the proximal airway structures also has a direct impact on distal lung development (43) . The developmental etiology of congenital lung lesions suggests that the initial molecular insult, such as a somatic mutation occurring during branching morphogenesis, could interact with other mechanisms including epigenetic, infectious, mechanical, or environmental exposures to instigate lesion development ( Figure 6 ). Importantly, our gene expression data set highlights Ras and PI3K-AKTmTOR signaling as candidate pathways warranting additional investigation. These data provide insight into the molecular and cellular basis of CPAM development and provide guidance for future studies. The study of congenital lung lesions provides unique insight into human lung development as well as other isolated structural birth defects and possible opportunities to explore pharmacologic modulation of disease for the most severely affected infants. n Author disclosures are available with the text of this article at www.atsjournals.org.
